Glycolipids are amphipathic molecules which are highly expressed on cell membranes in skin and brain where they mediate several key cellular processes. Neural stem cells are defined as undifferentiated, proliferative, multipotential cells with extensive self-renewal and are responsive to brain injury. Di-rhamnolipid: a-L-rhamnopyranosyl-(1-2)a-L-rhamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoic acid, also referred to as di-rhamnolipid BAC-3, is a glycolipid isolated from the bacteria Pseudomonas aeruginosa. In the previous studies, di-rhamnolipid enhanced dermal tissue healing and regeneration. The present study provides the first assessment of di-rhamnolipid, and glycolipid biosurfactants in general, on the nervous system. Treatment of neural stem cells isolated from the lateral ventricle of adult mice and cultured in defined media containing growth factors at 0.5 and 1 lg/ml of di-rhamnolipid increased the number of neurospheres (2.7-and 2.8-fold, respectively) compared to controls and this effect remained even after passaging in the absence of di-rhamnolipid. In addition, neural stem cells treated with di-rhamnolipid at 50 and 100 lg/ml in defined media supplemented with fetal calf serum and without growth factors exhibited increased cell viability, indicating an interaction between di-rhamnolipid and serum components in the regulation of neural stem cells and neuroprogenitors. Intracerebroventricular administration of di-rhamnolipid at 300 and 120 ng/day increased the number of neurospheres (1.3-and 1.63-fold, respectively) that could be derived from the anterior lateral ventricles of adult mice. These results indicate that di-rhamnolipid stimulates proliferation of neural stem cells and increases their endogenous pools which may have therapeutic potential in managing neurodegenerative or neuropsychiatric disorders and promoting nervous tissue regeneration following injury.
Introduction
The adult human nervous system has limited ability to generate new cells which emphasizes the importance of expediting therapeutic strategies to enhance neurogenesis following injury. Given the existence of endogenous neuroprecursors throughout the adult neural axis [1] , including neural stem cells (NSCs), even in non-neurogenic brain regions, an attractive alternative to stem cell transplantation strategies is to harness the potential of endogenous progenitors to repair cellular injuries by increasing and recruiting their endogenous pools. One class of compounds that has received limited attention in this regard is glycolipids.
Glycolipids are amphipathic molecules, having a hydrophilic head consisting of sugars and hydrophobic tail(s) consisting of fatty acids, with surface active properties. Glycosphingolipids (GSLs) are glycolipids expressed on membranes of mammalian cells and involved in specific neuronal, metabolic and immune functions [2] where they participate in cell-cell and cell-substrate recognition [3] , adhesion and migration [4] , and serve as receptors for bioactive molecules [5] , modulators of signal transduction [6] regulators of cellular fate processes [7] . GSLs are particularly highly expressed in skin [7] and nervous system [8] , constituting up to 12 % of the total lipid content of neuronal membranes compared to up to only 2 % in other tissues (AOCS lipid library). Imbalances and alterations in lipid rafts neuronal GSLs' homeostasis have been associated with the development of neurodegeneration in Alzheimer's disease [9] and neuropsychiatric disorders including major depression [10] , schizophrenia [11] as well as addiction [12] .
Microorganisms also produce glycolipids and the best studied ones are rhamnose containing glycolipid biosurfactants produced by the bacteria Pseudomonas aeruginosa [13] . Originally, rhamnolipids have attracted attention as agents for oil recovery and bioremediation [14] , but there is increasing interest in the potential biomedical application of these molecules [15] due to their wide range of biological activities including formation of ion channels in lipid bilayer membranes, regulation of intracellular signaling pathways, induction of cell differentiation and cell signaling [15] . Although rhamnolipids, and glycolipid biosurfactants in general, have not been tested on any nervous tissue cell type nor delivered to brain, previous studies with the di-rhamnolipid BAC-3 indicate that this glycolipid has cell typespecific effects on skin [16] , exhibits anti-inflammatory and immune-modulating properties [17, 18] and enhances healing and tissue regeneration in an animal model of fullthickness burn wounds [19, 20] and on chronic decubitus wound in human [21] . Given common developmental origins of skin and brain and high expression of GSLs in both, we hypothesized that BAC-3 might also be effective on nervous tissue cells and tested its activity on NSCs.
Materials and methods

Tested compound
Di-rhamnolipid (full chemical name: a-L-rhamnopyranosyl-(1-2)-a-L-rhamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoic acid), referred to as BAC-3 [16] , was a gift from TajCo Inc. The purity was[97 % and checked by UV spectrum analysis with the structure confirmed by mass spectroscopy.
Animals
For all experiments, 3-to 4-month-old male C57BL/6J (B6) mice (Jackson Laboratory, Bar Harbor, ME) were utilized.
Neurosphere assay and in vitro BAC-3 exposure Neurosphere-forming cells were isolated from the anterior portions of the forebrain lateral subventricular zone (SVZ) of adult C57Bl/6J mice (Jackson Laboratory) as described previously [22, 23, 24] . Extracted tissue was digested with enzymes (1.33 mg/ml trypsin, 0.67 mg/ml hyaluronidase, and 0.13 mg/ml kynurenic acid; Sigma) for 35 min at 37°C in artificial cerebrospinal fluid (aCSF) followed by treatment with 0.5 mg/ml trypsin inhibitor (Sigma) in defined serumfree medium (SFM; Neurocult, Stem Cell Technologies) and mechanically dissociated into a single cell suspension. Cells were cultured under clonal conditions at 10 cells/ll (5,000 cells/well) in noncoated, plastic, 24-well plates (Sarsteadt) in SFM containing 20 ng/ml EGF (epidermal growth factor, Sigma), 10 ng/ml bFGF (basic fibroblast growth factor, Sigma) and 2 lg/ml heparin (Sigma). The number of neurospheres (floating colonies of C100 lm diameter) was counted after 7 days. Under these conditions, it has been shown that neurosphere colonies are derived from single cells and serve as an index of the number of NSCs [22] .
To examine the effect of di-rhamnolipid BAC-3 on NSC proliferation in vitro, neurospheres were dissociated into single cells and cultured as above with the addition of BAC-3 at concentrations ranging from 0.5 to 100 lg/ml. For assaying cell viability under proliferative, undifferentiating conditions, cells were dissociated and plated at high density (700 cells/ll) in 96-well plates in SFM containing growth factors mentioned above, allowed to grow for 2 days and then treated with BAC-3 for 48 h. Cells were incubated with Alamar blue dye (Promega) for 4 h and the reduced product was detected with a fluorometer (Victor plate reader, PerkinElmer). For tests performed in the presence of serum, dissociated cultures were plated at high density (1,000 cells/ll) in 96-well, pure coat amine plates (black, BD Biosciences) in SFM containing no growth factors and supplemented with 1, 5 or 10 % fetal calf serum (FCS) for 2 days following which BAC-3 was added at 1, 50 and 100 lg/ml. Viability was measured with Alamar blue dye 24 and 48 h after the treatment.
Intracerebroventricular delivery of BAC-3
To examine the impact of BAC-3 on NSCs in vivo, adult male C57Bl/6J (Jackson Laboratory) mice received intracerebroventricularly (ICV) BAC-3 or vehicle, nine animals per each treatment group. Mice were anesthetized with isoflurane and BAC-3 (1, 20, or 50 lg/ml at a rate of 0.25 ll/h producing doses of 6, 120, or 300 ng/day) or aCSF vehicle was infused unilaterally for 14 days into the lateral ventricle using a subcutaneously implanted osmotic minipump (Alzet, model 1002), attached to an intracranial canula (Alzet, brain infusion kit 3), implanted at ?1.0 A/P, ?0.5 M/L and -2.50 D/V relative to bregma. Following 14 days of treatment, animals underwent live decapitation and the SVZ tissue was harvested from extracted brains. Mice were handled following the principles described in the National Research Council ''Guide for the Care and Use of Laboratory Animals'' (NIH publication no. 80-23, revised 1996).
Data analyses
All measurements were expressed as percentage of control and then collapsed across replicates. For each measure, factorial analysis of variances (ANOVAs) with Fisher LSD post hoc tests as appropriate were conducted using Statistica version 9 software; for all comparisons, a = 0.05. Data were plotted as mean ± SEM.
Results
Under proliferative conditions, in defined media supplemented with growth factors, BAC-3 dose dependently increased NSCs/NPCs viability and neurosphere formation. To assess the effect of BAC-3 on cell viability, neurospheres were dissociated and cells were plated at high density with growth factors and different concentrations of BAC-3 for a period of 48 h. At the concentration of 0.5-50 lg/ml, BAC-3 increased viable cells, with increases up to 202 % of control values for 1 lg/ml of BAC-3. The concentration of 100 lg/ml of BAC-3 reduced cell viability (F 5,49 = 9.94, p \ 0.05; Fig. 1a ). To determine the effect on neurosphere formation, cells were plated at clonal density with different concentrations of BAC-3. The treatment with 0.5 and 1.0 lg/ml of BCA-3 increased the number of neurospheres (F 4,25 = 6.25, p \ 0.05; Fig. 1b ) with increases up to 280 % of controls. Furthermore, after dissociation into single cells and replating in the absence of BAC-3, higher productions of neurosphere-forming cells, treated with 0.5 and 1.0 lg/ml of BAC-3 in the previous passage, were retained (F 2,51 = 3.18, p \ 0.05; Fig. 1c ) with increases of 32 and 46 % relative to controls.
Given the known interactions between glycolipids and serum proteins, we tested BAC-3 activity on NSCs and neuroprogenitors (NPCs) in the presence of serum. Under these conditions, BAC-3 dose dependently stimulated viability in defined media containing 5 and 10 % FCS, without growth factors. At 24 and 48 h following the treatment with 50 and 100 lg/ml BAC-3, cell viability increased up to 202 % of control levels (F 6,96 = 2.305, p \ 0.05). Interestingly, 100 lg/ml of BAC-3 in 1 % FCS at 48 h decreased cell viability similar to what was observed for the same BAC-3 concentration under proliferative conditions (defined media ? growth factors; Fig. 1a ). Brief measurements using Zeta particle sizer (Malvern) conducted at California NanoSystem Institute indicate that within concentration range of 125 lg/ml-1 mg/ml BAC-3 in phosphate buffer saline (PBS) and at 37°C, di-rhamnolipid forms micelles with an average size of 5 gm, whereas concentrations below 60 lg/ml did not result in such formations (data not shown). In order to assess the impact of BAC-3 on NSCs in vivo, adult mice received continuous ICV administration of BAC-3 (6, 120, or 300 ng/day or vehicle) for 14 days after which the number of neurospheres derived from the aLV (anterior lateral ventricle) SVZ was determined. Mice treated with either 120 or 300 ng/day showed increased (1.3-and 1.63-fold, respectively) numbers of neurosphereforming cells compared to vehicle-treated mice (F 3,30 = 4.89, p \ 0.05) (Fig. 2) . Importantly, ICV BAC-3 treatment was well tolerated by all animals surviving treatment and exhibiting no weight loss. Gross tissue abnormalities were not observed during the isolation of the SVZ.
Discussion
This study is the first evidence that di-rhamnolipid BAC-3 stimulates proliferation of NSC and increases their endogenous pool. Specifically in vitro, neurosphere cultures grown in the presence of BACs contained more neurosphere-forming cells and exhibited increased proliferation under two different conditions: in SFM containing growth factors (Fig. 1b, c) and serum containing media without growth factors (Fig. 3a, b) . Importantly, the mitogenic activity of this glycolipid remained even after passaging ( Fig. 1c ) and after withdrawal from the culture media which indicates the expansion of NSCs and further suggests that BAC-3 might be stably incorporated into the cellular membrane to alter NSCs' proliferation kinetics. In addition, the results demonstrating that FCS modulates the effect of BAC-3 on NSCs/NPCs imply that BAC-3 interacts with serum factors and suggest a possible use of di-rhamnolipid in stimulating NSCs/NPCs following acute brain injury when brain serum concentration is elevated. Moreover, the ICV treatment with BAC-3 increased the endogenous SVZ-NSC pool. Together, the present findings demonstrate, for the first time, that glycolipid biosurfactants can regulate NSCs. Although BAC-3 was able to increase cell proliferation in both absence and presence of serum, the dose-response was shifted toward higher concentrations of BAC-3 and the magnitude of response increased in the latter condition, which indicates that impact of BAC-3 on neuroprecursors is modulated by interaction with other factors. In aqueous solutions and around critical concentrations, glycolipids with two tails such as BAC-3 can form micelles and/or liposomes. The present findings indicate that within concentration range 125-1,000 lg/ml in PBS and at 37°C, BAC-3 spontaneously forms micelles with an average size of 5 nm, whereas concentrations below 60 lg/ml did not result in such formations. Thus, it is likely that the BAC-3 concentrations (0.5 and 1 lg/ml), which increased NSC/ NPC proliferation (Fig. 1) in the presence of growth factors, but not serum, contained di-rhamnolipid in monomer form. Conversely, the cell toxicity induced by high concentration (i.e., 100 lg/ml) of BAC-3 (in the absence of serum) is likely due to ''detergent effects'' of biosurfactants forming micelles and causing membrane lysis [16] .
Although it is not possible to determine the particle sizes in the presence of serum (which itself contains particles of various sizes), it has been shown that the saccharide head of gangliosides binds strongly to serum albumin [25, 26] , suggesting the formation of proteo-glyco-lipid complexes which might explain the difference in concentrationdependent effects of di-rhamnolipid obtained on cells under different conditions (serum versus no-serum).
Although it is not possible to determine the precise mechanism(s) of action of di-rhamnolipid on NSCs/NPCs, potential mechanisms are suggested based on existing data on BAC-3 and known interactions of glycolipids with other cellular components. Lipid rafts or ''glycosynapses'' [27] containing the cell adhesion molecule, b1 integrin, and several glycosylphosphatidyl inositol-anchored molecules are involved in cell adhesion and signaling pathways and have been reported on NSCs/NPCs [28] . These microdomains on neuronal cells are nanoscale clusters rich in signaling molecules, serving as platforms for assembly and launching of signaling cascades [29] . It is known that GSLs have affinity to segregate into lipid rafts and that their presence in lipid rafts is essential for efficient intracellular signaling and also for the basal physiological functions of the receptor-type tyrosine kinases [27, 30] . Therefore, it is possible that exogenously administered glycolipids interfere with lipid raft membrane domain structures and modulate the signaling pathway triggered by bFGF and EGF and bind to both growth factor receptor systems linked to tyrosine kinase which are critical mitogens of NSCs/NPCs. In support of this hypothesis, BAC-3 exhibits modest inhibitory effects on p56.sup.lck and p59.sup.fyn tyrosine kinase [18] and acted as a protein kinase C activator [18] and on neuronal cells both protein kinases C and D are activated in response to lipid raft alterations [31] . Conversely, it is also possible that glycolipid biosurfactants through their virtue of hydrophilic head bind to proteins, including receptors, on cell membranes [32] resulting in interactions with a variety of neurotransmitter systems implicated in the regulation of NSCs [33] . Relevant to the observed effects on NSCs, BAC-3 inhibits dopamine receptors with a two-fold greater effect on the D1 subtype relative to D2 subtype [18] . The latest findings indicate that bioactive brain lipids on NSCs act mainly through direct interaction with specific protein binding partner (lipid receptor, protein kinase or phosphatase, ion exchanger, or other cell signaling protein) or through formation of lipid rafts and associated signaling proteins [34] .
Exogenous compounds that control neurogenesis could improve the success rate of cellular-based treatments for neurodegenerative and neuropsychiatric disorders, and despite very limited attention, glycolipid compounds have the potential to achieve such control. In vivo treatment with gangliosides has proven effective in attenuating ischemic injury in rats [35] and protecting various cell populations in several model systems of neuronal injury [36] . Additionally, intraperitoneal administration of GSL globotetraosylceramide has been shown to exhibit marked antidepressive activity on the forced swimming test in mouse [37] . Importantly, GSLs appear to be safe for long-term administration (up to 5 years; [38] ) and are therapeutically active in nanomolar range which was demonstrated for a novel drug for multiple sclerosis intended for oral use-Fingolimod-from Novartis [39] . The present results demonstrate that BAC-3 stimulates endogenous NSCs; thus, it is anticipated that clarification of the sites and mechanisms underlying the induction and modulation of neurogenesis by BAC-3 will indicate novel strategies for the treatment of various brain diseases. Further promise for the clinical usage of glycolipid compounds lies in their property to potentially produce stable changes in the cellular membrane architecture which could allow the development of drugs that would require limited (perhaps one time) administration instead of continual use to treat chronic illness.
